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In amphibian oocytes, it is known that germinal vesicle (GV) materials are essential for sperm head decondensation but not for activation
of MPF (CDK1 and cyclin B). However, in large animals, the role of GV materials in maturation and fertilization is not defined. In this study,
we prepared enucleated pig oocytes at the GV stage and cultured them to examine the activation and inactivation of CDK1 and MAP kinase
during maturation and after electro-activation. Moreover, enucleated GV-oocytes after maturation culture were inseminated or injected
intracytoplasmically with spermatozoa to examine their ability to decondense the sperm chromatin. Enucleated oocytes showed similar
activation/inactivation patterns of CDK1 and MAP kinase as sham-operated oocytes during maturation and after electro-stimulation or
intracytoplasmic sperm injection. During the time corresponding to MI/MII transition of sham-operated oocytes, enucleated oocytes
inactivated CDK1. However, penetrating sperm heads in enucleated oocytes did not decondense enough to form male pronuclei. To
determine whether the factor(s) involved in sperm head decondensation remains associated with the chromatin after GV breakdown (GVBD),
we did enucleation soon after GVBD (corresponding to pro-metaphase I, pMI) to remove only chromosomes. The injected sperm heads in
pMI-enucleated oocytes decondensed and formed the male pronuclei. These results suggest that in pig oocytes, GV materials are not required
for activation/inactivation of CDK1 and MAP kinase, but they are essential for male pronucleus formation.
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In 1971, Masui and Markert discovered cytoplasmic
activity whose transference from maturing oocytes caused
the resumption of meiosis in immature oocytes in the frog,
and they termed this cytoplasmic activity maturation-
promoting factor (MPF) activity. MPF activity corresponds
to the major M phase-specific histone H1 kinase activity in
all eukaryotic cells, including oocytes and early embryos
(reviewed by Dore´e, 1990; Nurse, 1990). And now, it has0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: 011d812n@y03.kobe-u.ac.jp (S. Ogushi).been established that entry into M phase depends on
activation of MPF (CDK1 and cyclin B), which phosphor-
ylates many cellular substrates, including histone H1 and
nuclear lamin, on their specific serine/threonine residues
(Nigg, 1993). The activity is regulated by posttranslational
modifications of the catalytic subunit p34cdc2 as well as by
the association with the cyclin B molecules.
Mitogen-activated protein kinase (MAP kinase) also
plays a pivotal role during oocyte maturation in all animal
species studied so far (Jessus and Ozon, 1993; reviewed by
Gebauer and Richter, 1997; Murray, 1998). While CDK1 is
activated at the germinal vesicle breakdown (GVBD), and
its activation triggers chromatin condensation, GVBD, and
the formation of the first meiotic spindle, MAP kinase is286 (2005) 287 – 298
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MII) transition, MII arrest, and suppression of DNA
synthesis during oocyte maturation (Murray, 1998). In pig
oocytes, CDK1 activity is increased and reached a peak at
MI, then decreased during anaphase I/telophase I, increased
again at MII, and kept high till fertilization. In contrast to
CDK1, MAP kinase activity is increased around GVBD,
and kept high till fertilization (Naito and Toyoda, 1991;
Kanayama et al., 2002). After fertilization or some artificial
stimuli, such as electro-stimulation and Ca2+ ionophore
treatment, the activity of CDK1 is decreased by increase in
intracytoplasmic Ca2+ concentration of the oocytes (Murray,
1991). After inactivation of CDK1, MAP kinase activity is
decreased (Miyano et al., 2000), although how Ca2+ causes
its inactivation has not been determined (reviewed by Runft
et al., 2002).
During oocyte maturation, GVBD allows mixing of the
germinal vesicle (GV) materials with the cytoplasm. In the
amphibian oocytes, autonomous programs in the cytoplasm
appear to carry out MPF activation, based on the finding
that the oocyte whose GV has been removed by a
micropipette showed MPF activity after progesterone treat-
ment (Masui and Markert, 1971; Gautier, 1987). When
anucleated fragment made by bisection of GV mouse oocyte
is cultured for maturation, and then fused with interphase
blastomere from 2-cell embryo, its chromosomes start to
condense in the fused cell (Balakier and Masui, 1986).
Furthermore, it has been reported in Xenopus (Fisher et al.,
1998) and pig oocytes (Sugiura et al., 2001) that the GV
materials are also not essential for activation of MAP
kinase. However, distributed nuclear materials are required
for the formation of male pronucleus (Katagiri and Moriya,
1976; Usui and Yanagimachi, 1976; Balakier and Tarkow-
ski, 1980). In the Xenopus, the nuclear factor required for
male pronucleus formation has been identified as nucleo-
plasmin (Dilworth et al., 1987; Philpott et al., 1991). In
addition to nucleoplasmin, GV contains a number of pro-
teins, such as histones, lamins, nucleoporins, DNA poly-
merases, and nuclear matrix-associated protein (NuMA),
that are used immediately after fertilization (Davidson,
1986; reviewed by Sutovsky and Schatten, 1998; Compton
and Cleveland, 1994). Especially in large mammals,
however, it is still unknown whether GV materials are
essential for progression of the cytoplasmic cell cycle that is
induced by the activation and inactivation of CDK1 and
MAP kinase during maturation and fertilization, and male
pronucleus formation.
During MI/MII transition of oocytes, CDK1 activity is
decreased and then increased (Dore´e et al., 1983; Gerhart et
al., 1984; Kubiak et al., 1992). In pig oocytes, degradation
of cyclin B1 molecules corresponds to the transient drop in
CDK1 activity during MI/MII transition (Lee et al., 2000).
Application of a protein synthesis inhibitor during the
transition leads to the disappearance of newly synthesized
cyclin B and consequently to the inactivation of CDK1
(Fulka et al., 1994; Thibier et al., 1997; Lee et al., 2000). Onthe other hand, inhibition of protein synthesis has little
effect on the activity of CDK1 during MII arrest, although
the cyclin B level becomes slightly decreased (Fulka et al.,
1994; Thibier et al., 1997).
In the present study, in order to examine the ability of the
cytoplasm itself to advance the meiotic cell cycle,
enucleated pig GV-oocytes were produced and cultured
for maturation, and then activated by electro-stimulation or
sperm penetration. CDK1 and MAP kinase activities were
measured during maturation and activation/fertilization of
the enucleated oocytes. To determine the possible MI/MII
transition in enucleated pig oocytes, fluctuations in CDK1
and MAP kinase activities were evaluated using a protein
synthesis inhibitor, cycloheximide. In addition, the require-
ment of GV materials for male pronucleus formation was
assessed by in vitro fertilization and intracytoplasmic sperm
injection (ICSI) of enucleated (at the GV stage or soon after
GVBD) and matured pig oocytes.Materials and methods
Collection, enucleation, and maturation of pig oocytes
Pig ovaries were obtained from prepubertal gilts at a
local slaughterhouse. Ovaries were washed once in 0.2%
cetyltrimethylammonium bromide and three times in Dul-
becco’s phosphate-buffered saline containing 0.1% poly-
vinyl alcohol (PBS-PVA; Sigma Chemical Co., St. Louis,
MO, USA). Follicles of 4–6 mm in diameter were dissected
from ovaries by using two surgical blades in PBS-PVA.
After the follicles opened in 25 mM HEPES-buffered
medium 199 (HEPES-199; Nissui Pharmaceutical Co.
Ltd., Tokyo, Japan) containing 0.1% PVA, 10 mM sodium
bicarbonate, and 0.08 mg/ml kanamycin sulphate (Sigma
Chemical Co.), cumulus–oocyte complexes (COCs) were
isolated from the follicles, and transferred into HEPES-199.
The COCs were then completely removed from the cumulus
cells by gentle pipetting. After culturing for 1 h to allow
recovery, the oocytes were transferred into 5 Ag/ml
cytochalasin B (Sigma Chemical Co.) in HEPES-199 for
10 min, and then centrifuged at 6200g for 10 min to move
the cytoplasmic lipid droplets to one side of the oocytes.
Each oocyte was held by a holding pipette (inner diameter
10 Am, angle 30-) in the 9 o’clock position and then rotated
until the GV was around the 3 o’clock position. The GV
was removed into an injection pipette (inner diameter 8–10
Am, SUZI-30, angle 30-, Conception Technologies, San
Diego, CA, USA) using a micromanipulator (Narishige
Group, Tokyo, Japan) under a Hoffman modulated inverted
microscope (Olympus Optical Co., Tokyo, Japan). After
enucleation, the remaining cytoplasts (enucleated oocytes)
were washed 5 times in HEPES-199. Some enucleated
oocytes before culture were used for immunofluorescence
staining of the nuclear membrane to confirm the enuclea-
tion. The others were cultured for 30 h in 0.5 ml of culture
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Denmark) at 38.5-C under an atmosphere of 5% CO2 in
air. The culture medium was bicarbonate-buffered medium
199 supplemented with 10% fetal calf serum (Dainippon
Pharmaceutical Co. Ltd., Osaka, Japan), 0.1 mg/ml sodium
pyruvate, 0.08 mg/ml kanamycin sulphate, and 25 mM
sodium bicarbonate. The oocytes that had been centrifuged
and manipulated in the same manner, without removing the
GVs but the same volume of cytoplasm, were used as sham-
operated oocytes. Some sham-operated oocytes before or
after 6, 12, 18, 24, and 30 h of culture were mounted on
slides, fixed in an acetic–ethanol (1:3, v/v) solution, stained
with 1% aceto-orcein, and observed under a Nomarski
interference microscope to determine the stage of meiotic
maturation. The meiotic stages of the oocytes were
classified into the germinal vesicle stage (GV), metaphase
I (MI), anaphase I (AI), telophase I (TI), and metaphase II
(MII). In this study, oocytes that had not yet formed an MI
spindle but that had condensed chromosomes with micro-
tubules were classified into pro-metaphase I (pMI).
Fluorescence microscopy
Enucleated and sham-operated oocytes were examined
by immunofluorescence microscopy after micromanipula-
tion. After being washed twice in PBS-PVA, oocytes were
fixed in 4% paraformaldehyde in PBS-PVA containing 0.2%
Triton X-100 for 40 min. Fixed oocytes were washed twice
in PBS-PVA for 15 min each, then stored in 1% bovine
serum albumin (BSA, International Regents Co., Kobe,
Japan) in PBS-PVA (BSA-PBS-PVA) at 4-C. The oocytes
were blocked with 10% goat serum in BSA-PBS-PVA for
45 min, and reacted with mouse monoclonal anti-lamin A/C
antibody (1:100, sc-7292, Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) at 4-C overnight. After washing 3
times in BSA-PBS-PVA for 15 min each, oocytes were
reacted with Alexa Fluor 488-labeled goat anti-mouse IgG
(1:400, Molecular Probes, Inc., Eugene, OR, USA) for 40
min at room temperature. The oocytes were washed 3 times
in BSA-PBS-PVA before being mounted on glass slides
with Vectashield Mounting Medium (Vector Laboratories,
Inc., Burlingame, CA, USA), and observed under a
fluorescence microscope (BX51, Olympus Optical Co.).
Electro-stimulation
After 30 h of maturation culture, enucleated oocytes
showing normal morphology and sham-operated oocytes
having a first polar body were selected in HEPES-199 under
a stereomicroscope. They were washed three times with 0.3
M mannitol solution containing 0.1 mM MgSO4, 0.05 mM
CaCl2, and 0.01% PVA, and then groups of 10–20 oocytes
were transferred to the same solution between parallel
electrodes, separated by 2 mm, in a chamber (FTC-03;
Shimadzu Co. Ltd., Kyoto, Japan) and subjected to a single
square pulse of direct current for 100 As at 1500 V/cm froman electric cell fuser (EFC-2001; Riko Chemical Co., Kyoto,
Japan). After electro-stimulation, enucleated and sham-
operated oocytes were further cultured for 1, 4, and 8 h as
described above, and the nuclear stage of sham-operated
oocytes was examined after staining. Oocytes forming a
female pronucleus with two polar bodies were classified into
the pronucleus stage (PN). The oocytes which had
decondensing chromosomes and a pronucleus membrane
were classified into the pre-pronucleus stage (prePN), and
the oocytes having two pronuclei and one polar body were
classified into the 2 pronucleus stage (2PN).
Electrophoresis and Western blotting
Enucleated and sham-operated oocytes were cultured for
30 h and then electro-stimulated as described above.
Enucleated and sham-operated oocytes were collected
before and after 6, 12, 18, 24, and 30 h of maturation
culture, and 1, 4, and 8 h after electro-stimulation. Each
sample of 20 oocytes was washed three times in PBS-PVA,
and transferred into an Eppendorf tube with 10 Al of PBS-
PVA. Then, 10 Al of 2-times-concentrated SDS sample
buffer (Laemmli, 1970) was added, and the samples were
boiled for 5 min, and kept at 20-C before use. Samples
were run on 10.5% SDS-polyacrylamide gels, and proteins
were electroblotted onto hydrophobic polyvinylidene fluo-
ride membrane (Immobilon-P; Millipore Co., Billerica, MA,
USA) for 2 h at 2 mA/cm2. The membranes were blocked
with 10% FCS in PBS containing 0.1% Tween-20 (PBS-
Tween) for 2 h, then incubated with rabbit polyclonal anti-
MAP kinase antibody (1:3000, sc-94, Santa Cruz Biotech-
nology, Inc.) at 4-C overnight. After washing 3 times in
PBS-Tween, membranes were treated with horseradish
peroxidase-conjugated anti-rabbit IgG (1:1000, Pierce Bio-
technology, Inc., Rockford, IL, USA) for 1 h at room
temperature. After washing in PBS-Tween, peroxidase
activity was visualized using the Super SignalR detection
system (Pierce Biotechnology, Inc.).
CDK1 and MAP kinase double assay
Enucleated and sham-operated oocytes were collected
before and after 6, 12, 18, 24, and 30 h of maturation
culture, and 1, 4, and 8 h after electro-stimulation. Each
sample of one oocyte was washed three times in PBS-PVA,
and transferred into an Eppendorf tube with 1 Al of PBS-
PVA. Then, 4 Al of ice-cold extraction buffer was added,
and the samples were kept at 80-C until the kinase assay.
The extraction buffer was composed of 80 mM h-
glycerophosphate, 25 mM HEPES (pH 7.2), 10 mM EGTA,
15 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM 4-
amidinobenzylsulfonyl fluoride hydrochloride (APMSF,
Sigma Chemical Co.), 0.1 mM Na3VO4, 1 Ag/ml aprotinin
(Sigma Chemical Co.), and 1 Ag/ml leupeptin (Sigma
Chemical Co.) (Nebreda et al., 1995). After thawing, the
samples were centrifuged at 13,000  g for 2 min, and
Fig. 1. Immunofluorescence localization of lamin A/C (nuclear membrane)
in enucleated pig GV-oocytes. A sham-operated oocyte is shown on the left
and an enucleated oocyte is shown on the right. Oocytes in panels a and b
were observed under a Nomarski microscope, and localization of lamin A/C
in the corresponding oocytes is shown in panels c and d.
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the resulting mixtures were then incubated for 20 min at
37-C. The kinase buffer was composed of 75 mM HEPES
(pH 7.2), 75 mM h-glycerophosphate, 75 mMMgCl2, 6 mM
DTT, 10 mM EGTA, 60 AM ATP (Sigma Chemical Co.), 15
AM cAMP-dependent protein kinase inhibitor peptide
(sequence: TTYADFIASGRTGRRNAIHD, Sigma Chem-
ical Co.), and 0.3 ACi/Al [g-32P] ATP (250 ACi/25 Al, 5000
Ci/mmol, Amersham Pharmacia Biotech, UK). The sub-
strate solution was composed of 4.25 Al of histone H1 (5
mg/ml, from calf thymus; Boehringer, Tokyo, Japan) and
0.75 Al of myelin basic protein (5 mg/ml, from bovine brain;
Sigma Chemical Co.). The reaction was terminated by the
addition of 5 Al of 4-times-concentrated SDS sample buffer.
The samples were boiled for 5 min and loaded onto a 15%
SDS-polyacrylamide gel for separation of labeled histone
H1 and myelin basic protein. After running, the gels were
fixed, dried, and autoradiographed. The intensity of each
phosphorylated histone H1 and myelin basic protein was
measured with a densitometer (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The kinase activity after 18 h
(corresponding to MI) or 30 h (corresponding to MII) of
maturation culture was arbitrarily set to 1.0 depending on
the experiments, and the relative levels were shown in
graphs.
Cycloheximide treatment
To inhibit the protein synthesis of oocytes during MI/MII
transition or MII arrest, enucleated and sham-operated
oocytes were cultured for 18 h or 30 h as described above,
then transferred into culture medium supplemented with 35
AM cycloheximide (Wako Pure Chemicals Industries Ltd.,
Osaka, Japan) (Ding et al., 1992), and further cultured for 3,
6 and 9 h. After culture, treated oocytes were used for the
kinase activity assay as described above.
In vitro fertilization and ICSI
Freshly ejaculated semen was collected from a fertile
boar, and spermatozoa were obtained by centrifugation at
600  g for 10 min in two layers of Percoll (90%:60% =
1:3; Amersham Pharmacia Biotech, Uppsala, Sweden).
Spermatozoa in the sediment were washed three times in
3 ml PBS-PVA, and transferred into Brackett and Oliphant
solution supplemented with 3 mg/ml BSA (mBO; Brackett
and Oliphant, 1975). For in vitro fertilization, enucleated
oocytes showing normal morphology and sham-operated
oocytes showing a first polar body after 30 h of maturation
culture were selected as described above, introduced into 2
ml of mBO supplemented with 5 mM caffeine, cocultured
with spermatozoa at a concentration of 1  106 cells/ml for
8 h, and further cultured for 6 and 16 h, respectively, in the
culture medium after washing 3 times.
For ICSI, spermatozoa at concentration of 2  107 cells/
ml were precultured in 2 ml mBO for 4–6 h, and 5 Al of thesuspension was introduced into 15 Al of a 10% polyvinyl-
pyrrolidone (PVP; Irvine Scientific, Santa Ana, CA, USA)
drop on a manipulation dish. Following several applications
of piezo-pulse, the spermatozoon was aspirated into a glass
micropipette (inner diameter 6–8 Am) connected to a piezo-
electric micromanipulator (Prime Tech Ltd., Tsuchiura,
Japan), and the tip of the pipette was introduced through
the zona pellucida and then the oolemma. The spermato-
zoon was ejected into the deep cytoplasm of the enucleated
and sham-operated oocytes, and the pipette was gently
withdrawn. Some enucleated and sham-operated oocytes
after 30 h of maturation culture were manipulated in the
same manner without spermatozoa and cultured as control
oocytes. Some of the oocytes were fixed with acetic–
ethanol (1: 3) 14 and 24 h after insemination or ICSI, and
stained with 1% aceto-orcein to examine the formation of
male pronuclei. Sperm heads after penetration or injection
were classified according to their morphology as intact
sperm heads (ISH), enlarged sperm heads (ESH), or sperm
heads with male pronucleus formation (MPN). The other
oocytes were collected at 0, 8, and 14 h after ICSI for kinase
activity assay.
pMI enucleation
In some oocytes, enucleation was performed soon after
GVBD (corresponding to pMI), and spermatozoa were
injected to the oocytes after maturation culture. Oocytes
were collected from ovaries, removed from cumulus cells,
and cultured for 12 h for maturation. Then, they were
transferred into 5 Ag/ml cytochalasin B (Sigma Chemical
Co.) and 14.3 AM 4V, 6-diamidino-2-phenylindole dihydro-
chloride (DAPI, Molecular Probes, Inc.) in HEPES-199 for
Table 1
Maturation stage of sham-operated pig oocytes
Culture
time (h)
Total no.
of oocytes
examined
No. (%) of oocytes maturing at the stage of No. (%)
of oocytes
degenerated
GV* pMI* MI* AI–TI* MII*
0 35 33 (94)a 0 (0) 0 (0) 0 (0) 0 (0) 2 (6)
6 37 28 (75)a 4 (11) 1 (3)a 0 (0) 0 (0) 4 (11)
12 35 9 (25)b 7 (20) 15 (43)b 2 (6) 0 (0) 2 (6)
18 39 8 (20)b 3 (8) 14 (36)b 9 (23) 0 (0) 5 (13)
24 39 2 (5)b 3 (8) 7 (18)a,b 9 (23) 10 (26)a 8 (20)
30 39 3 (8)b 0 (0) 1 (2)a 5 (13) 28 (72)b 2 (5)
Sham-operated GV-oocytes were cultured for 30 h in maturation medium.
a,b Values with different superscripts in the same column differ significantly (P < 0.05).
* Abbreviations represent nuclear morphology; GV: the germinal vesicle stage, pMI: pro-metaphase I, MI: metaphase I, AI-TI: anaphase I-telophase I, and
MII: metaphase II.
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under UV light using a micromanipulator equipped with an
inverted fluorescence microscope. After pMI enucleation,
the remaining cytoplasts (pMI-enucleated oocytes) were
washed 5 times in HEPES-199, and further cultured for
18 h. The oocytes that had been manipulated in the same
manner, without removing the mass of chromosomes but the
same volume of cytoplasm, were used as sham-operated oo-
cytes. After maturation culture, spermatozoa were injected
to these oocytes as described above.
Statistical analysis
The frequencies of oocytes at each stage were analyzed
using chi-square test. Statistical differences in the kinase
activities were analyzed by one-way ANOVA (F1 test)
followed by the Tukey’s test for multiple pairwise compar-
isons. P values less than 0.05 were considered to indicate
statistical significance.Fig. 2. Nuclear morphology of sham-operated pig oocytes during maturation and
durations up to 30 h. Then, the oocytes having a first polar body were subjected t
acetic acid and ethanol, stained with 1% aceto-orcein, and examined by a Nomarsk
metaphase I after 12 h; (c) telophase I after 18 h, arrows show the chromosome c
pronucleus stage 8 h after electro-stimulation.Results
Confirmation of enucleation by immunofluorescence
staining
Fig. 1 shows the localization of lamin A/C (nuclear
membrane) in pig oocytes after enucleation. In all sham-
operated oocytes (30/30), the nuclear membrane of GV was
stained (Figs. 1a and c). On the other hand, in all enucleated
oocytes examined (0/30), there was no positive staining of
lamin A/C (Figs. 1b and d). This means that the enucleation
procedure was performed successfully by our manipulation
method.
Nuclear kinetics of sham-operated oocytes after maturation
culture and electro-stimulation
Sham-operated oocytes manipulated in the same manner,
without removing the GVs but the same volume ofafter electro-stimulation. Sham-operated oocytes were cultured for various
o electro-stimulation, and further cultured for 8 h. Oocytes were fixed with
i interference microscopy. (a) The germinal vesicle stage before culture; (b)
lusters located at the spindle poles; (d) metaphase II after 30 h; and (e) the
Table 2
Nuclear kinetics of sham-operated pig oocytes after electro-stimulation
Culture
time (h)
Total no.
of oocytes
examined
No. (%)
of matured
oocytes
No. (%) of oocytes at the stage of No. (%) of oocytes
degenerated
MII* AII–TII* prePN* PN* 2PN*
0 35 33 (94) 32 (91)a 0 (0) 0 (0) 0 (0) 0 (0) 1 (3)
1 37 37 (100) 6 (16)b 28 (76)a 1 (3)a 0 (0) 0 (0) 2 (5)
4 31 30 (97) 1 (3)b 6 (19)b 12 (39)b 8 (26)a 2 (7) 1 (3)
8 35 35 (100) 4 (11)b 0 (0) 8 (23)b 21 (60)b 0 (0) 2 (6)
Sham-operated oocytes which had the first polar body were selected after 30 h of maturation culture, then subjected to single electric pulse (100 As, 1500 V/cm)
in medium containing 0.3 M mannitol, 0.05 mM CaCl2, 0.1 mM MgSO4, and 0.01% PVA, and further cultured for 8 h.
a,b Values with different superscripts in the same column differ significantly (P < 0.05).
* Abbreviations represent nuclear morphology; MII: metaphase II, AII–TII: anaphase II – telophase II, prePN: the pre-pronucleus stage, PN: the pronucleus
stage, and 2PN: the 2-pronucleus stage.
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the cytoplasmic status in meiotic progression of enucleated
oocytes (Table 1). Before culture, 94% (33/35) of oocytes
survived after the micromanipulation and were at the GVFig. 3. The changes in CDK1 and MAP kinase activities in enucleated pig oocytes
the oocytes were subjected to electro-stimulation (arrows), and further cultured for
The activities of CDK1 and MAP kinase were measured by phosphorylation of h
using [g-32P] ATP, respectively. One oocyte was used per lane. (b) Immunoblots
p44ERK1 and p42ERK2 as 2 bands. Twenty oocytes were used per lane. (c) The inte
(MAP kinase) was measured with a densitometer. The kinase activity after 18 h c
culture periods in enucleated (EN ) and sham-operated (sham ) oocytes was exp
points with different superscripts (a– i) differ significantly (P < 0.05).stage (Fig. 2a). After 12 h, 69% (24/35) of oocytes
underwent GVBD and 49% (17/35) reached MI or beyond
(Fig. 2b). After AI/TI transition (Fig. 2c), 72% (28/39) of
oocytes reached MII after 30 h of culture (Fig. 2d).. Enucleated and sham-operated oocytes were cultured for up to 30 h. Then,
8 h. Samples were collected at the indicated time before and after culture. (a)
istone H1 (H1) and myelin basic protein (MBP) as their in vitro substrates
with anti-MAP kinase antibody of oocyte extracts. The antibody detected
nsity of each phosphorylated histone H1 (CDK1) and myelin basic protein
ulture in sham-operated oocytes was set to 1.0 and the activity at the other
ressed relative to that as mean T SEM from 5 independent experiments. The
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polar body were subjected to electro-stimulation (Table 2).
Although a first polar body was observed under a stereo-
microscope, some oocytes (3/138) remained at AI or TI.
Before electro-stimulation, 91% (32/35) of sham-operated
oocytes were at MII. After 1 h, 79% (29/37) of oocytes had
resumed meiosis, and progressed to anaphase II–telophase
II (AII–TII). After 8 h, 83% (29/35) of oocytes reached the
pre-pronucleus stage (prePN), where the oocytes had
decondensing chromosomes and pronucleus membranes,
or the PN stage (Fig. 2e).
The changes in CDK1 and MAP kinase activities of
enucleated oocytes
The changes in CDK1 and MAP kinase activities in
enucleated and sham-operated oocytes during maturation
and after electro-stimulation were measured by the phos-
phorylation of histone H1 (H1) and myelin basic protein
(MBP) as their substrates, respectively (Fig. 3). The
autoradiographs and the densitometry data showed the
activation/inactivation patterns of CDK1 and MAP kinase
activities. In sham-operated oocytes before and after 6 h of
culture, CDK1 and MAP kinase activities were at their
lowest levels. After 12 h, both kinase activities increased.Fig. 4. The changes in CDK1 and MAP kinase activities during MI/MII transit
enucleated oocytes (b) were cultured for 18 h and subsequently cultured in cy
medium. The time given at the upper part of the autoradiographs is the duration
maturation culture. The activities of CDK1 and MAP kinase were measured by pho
vitro substrates using [g-32P] ATP, respectively. One oocyte was used per lane. (c)
protein (MAP kinase) was measured with a densitometer. The kinase activity after
other culture periods in enucleated (EN ) and sham-operated (sham ) oocy
experiments. The points with different superscripts (a–c) differ significantly (P <CDK1 activity reached the peaks at 18 h, thereafter, the
activity fell, but not to the basal level as observed in the GV-
stage oocytes. Then, the activity rose again after 30 h of
culture. On the other hand, MAP kinase activity increased
continuously and reached the maximal level at 30 h. After
electro-stimulation, CDK1 was inactivated, followed by
inactivation of MAP kinase. For both types of kinase
activity, enucleated oocytes showed patterns similar to those
of sham-operated oocytes. To know whether the MBP
phosphorylation is correlated with the changes in the
phosphorylation of MAP kinase (p44ERK1 and p42ERK2),
enucleated oocytes before and after culture were subjected
to immunoblotting with anti-MAP kinase antibody. During
maturation, each of p44ERK1 and p42ERK2 was detected as 2
bands, upper and lower bands (Fig. 3b). The upper bands of
p44ERK1 and p42ERK2 represent the active phosphorylated
forms, and the lower bands of p44ERK1 and p42ERK2
represent the inactive non-phosphorylated forms (Inoue et
al., 1995). After 12 h of culture, phosphorylated p44ERK1
and p42ERK2 were detected, and after electro-stimulation,
they were gradually dephosphorylated. The changes in the
phosphorylation levels of p44ERK1 and p42ERK2 corre-
sponded closely with the changes of MBP phosphorylation
during the maturation and after electro-stimulation of pig
oocytes.ion in enucleated and sham-operated pig oocytes. Sham-operated (a) and
cloheximide-free (control) or 35 AM cycloheximide-supplemented (CHX)
of cycloheximide treatment, and the time at the bottom is the total time of
sphorylation of histone H1 (H1) and myelin basic protein (MBP) as their in
The intensity of each phosphorylated histone H1 (CDK1) and myelin basic
18 h culture in sham-operated oocytes was set to 1.0 and the activity at the
tes was expressed relative to that as mean T SEM from 4 independent
0.05).
Fig. 5. The changes in CDK1 and MAP kinase activities during MII arrest in enucleated and sham-operated pig oocytes. Sham-operated (a) and enucleated
oocytes (b) were cultured for 30 h and subsequently cultured in cycloheximide-free (control) or 35 AM cycloheximide-supplemented (CHX) medium. The time
given in the upper part of the autoradiographs is the duration of cycloheximide treatment, and the time in the bottom is the total time of maturation culture. The
activities of CDK1 and MAP kinase were measured by phosphorylation of histone H1 (H1) and myelin basic protein (MBP) as their in vitro substrates using
[g-32P] ATP, respectively. One oocyte was used per lane. (c) The intensity of each phosphorylated histone H1 (CDK1) and myelin basic protein (MAP kinase)
was measured with a densitometer. The kinase activity after 30 h culture in sham-operated oocytes was set to 1.0 and the activity at the other culture periods in
enucleated (EN ) and sham-operated (sham ) oocytes was expressed relative to that as mean T SEM from 4 independent experiments. The points with
different superscripts (a, b) differ significantly ( P < 0.05).
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transition in enucleated oocytes
To determine how the absence of a spindle and the
separation of chromosomes affect the changes in CDK1 and
MAP kinase activities during MI/MII transition, enucleated
oocytes after 18 h of maturation culture (corresponding to
MI) were treated with cycloheximide. CDK1 is inactivated
during MI/MII transition and the newly protein synthesis is
required for its reactivation. Therefore, the application of
the protein synthesis inhibitor during the transition is
thought to lead to the quick inactivation of CDK1. On theTable 3
Changes in the sperm head morphology in enucleated oocytes after insemination
Time (h) after
insemination
Type of
oocytes
Total no.
of oocytes
examined
No. (%) of oocytes
Penetrated FPN** 2 cell
14 Sham-operated 32 25 (78) 22 (69) 0 (0)
14 Enucleated 57 35 (61) 0 (0) 0 (0)
24 Sham-operated 44 35 (80) 21 (48) 3 (7)
24 Enucleated 47 33 (70) 0 (0) 0 (0)
a,b Values with different superscripts in the same column differ significantly (P
* Morphology of sperm heads was examined for all the penetrating spermatozoa
and male pronucleus formation (MPN).
** Oocytes which formed a female pronucleus.other hand, inhibition of protein synthesis should have little
effect on the CDK1 activity during MII arrest. To show the
difference in response to protein synthesis inhibition,
enucleated oocytes cultured for 30 h (corresponding to
MII) were also treated with cycloheximide in contrast to
MI-oocytes.
The autoradiographs and the densitometry data showed
that the changes in the patterns of CDK1 and MAP kinase
activities were similar between enucleated and sham-
operated oocytes (Figs. 4 and 5). Fig. 4a shows the changes
in CDK1 and MAP kinase activities during MI/MII
transition in sham-operated oocytes, and Fig. 4b shows thewith pig spermatozoa
Total no. of
spermatozoa
examined
No. (%) of decondensing sperm heads
Degenerated ISH* ESH* MPN*
3 (9) 63 11 (17)a 17 (27)a,b 35 (56)
4 (7) 42 30 (71)b 12 (29)a,b 0 (0)
11 (25) 60 14 (23)a 12 (20)a 34 (57)
6 (13) 48 29 (60)b 19 (40)b 0 (0)
< 0.05).
, and classified into: intact sperm head (ISH), enlarged sperm head (ESH),
Fig. 6. The changes in morphology of penetrating sperm heads in enucleated and sham-operated pig oocytes in in vitro fertilization. After insemination, oocytes
were fixed with acetic acid and ethanol, stained with 1% aceto-orcein, and examined by a Nomarski interference microscopy. (a) An intact sperm head in an
enucleated oocyte 14 h after insemination, (b) an enlarged sperm head 14 h after insemination in an enucleated oocyte, and (c) a male pronucleus in a sham-
operated oocyte 14 h after insemination. An arrow indicates a sperm tail.
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activities were high after 18 h in both types of oocytes.
CDK1 and MAP kinase activities of sham-operated oocytes
without cycloheximide treatment remained high during
maturation culture. Cycloheximide treatment induced rapid
inactivation of CDK1 in both enucleated and sham-operated
oocytes (Figs. 4a, b, right, and c). In both groups, however,
MAP kinase activity was not changed after 3 h.
Fig. 5 shows the changes in CDK1 and MAP kinase
activities of MII oocytes treated with cycloheximide. Both
CDK1 and MAP kinase activities were maintained at a high
level after 9 h of culture without cycloheximide in sham-
operated (Fig. 5a, left) and enucleated oocytes (Fig. 5b, left).
Enucleated and sham-operated oocytes retained high activ-
ities of CDK1 and MAP kinase after 6 h of cycloheximide
treatment (Figs. 5a, b, right, and c).
The morphological changes in sperm heads in enucleated
oocytes after insemination and ICSI
The formation of male pronucleus in enucleated oocytes
was examined by in vitro fertilization (Table 3). After 14
and 24 h, 69% (22/32) and 55% (24/44) of sham-operated
oocytes were activated and formed female pronuclei or
developed to the 2-cell stage. In both sham-operated and
enucleated oocytes, about 60% of the oocytes showed
polyspermic penetration. In some polyspermic oocytes, all
of the sperm heads formed male pronuclei, while in others
only one or two spermatozoa formed male pronuclei and the
remainder had intact or enlarged sperm heads. We thereforeTable 4
Changes in the sperm head morphology in enucleated oocytes after ICSI
Time (h) Type of Total no. No. (%) of oocytes
after ICSI oocytes of oocytes
examined
Penetrated FPN** 1 cell 2 ce
14 Sham-operated 33 33 (100) 30 (91)a 0 (0) 0 (0
14 Enucleated 37 37 (100) 0 (0) 0 (0) 0 (0
24 Sham-operated 30 30 (100) 18 (60)b 4 (13) 5 (1
24 Enucleated 30 30 (100) 0 (0) 0 (0) 0 (0
a,b Values with different superscripts in the same column differ significantly (P <
* Morphology of sperm heads was classified into: intact sperm head (ISH), enl
** Oocytes which formed a female pronucleus.examined the changes in the sperm head morphology in
each penetrating spermatozoon. Moreover, 24 h after sperm
insemination or injection, some oocytes exit from the
pronucleus stage. In sham-operated oocytes, 14 h after
insemination, 56% (35/63) of penetrating spermatozoa
formed male pronuclei (Fig. 6c). On the other hand, all
the sperm heads were still intact (Fig. 6a) or slightly
enlarged (Fig. 6b) in enucleated oocytes. Even after the
culture period was prolonged to 24 h, the percentage of
male pronuclei was not changed in sham-operated oocytes,
and no pronucleus formation occurred in enucleated oocytes
(Table 3). In the ICSI, 91% (30/33) and 90% (27/30) of
sham-operated oocytes were activated 14 and 24 h after
sperm injection and formed female pronuclei or developed
to the 1- or 2-cell stage. In enucleated oocytes, the
formation of male pronuclei was not observed after 14
and 24 h (Table 4).
The changes in CDK1 and MAP kinase activities in
enucleated oocytes after ICSI
The autoradiographs and densitometry data in Fig. 7 show
the patterns of CDK1 and MAP kinase activities. Oocytes
injected as described above without a spermatozoon were
used as control oocytes. In sham-operated oocytes, CDK1
activity fell 8 h after ICSI, and MAP kinase activity was
decreased gradually, although control oocytes maintained a
high activity of both kinases after 14 h (Fig. 7a, left).
Enucleated oocytes after ICSI showed similar patterns of
decrease in CDK1 and MAP kinase activities, although thereTotal no. of No. (%) of decondensing sperm heads
ll Degenerated
spermatozoa
examined
ISH* ISH* MPN*
) 3 (9) 30 0 (0) 14 (47)a,b 16 (53)
) 6 (16) 31 21 (68)a 10 (32)a 0 (0)
7) 3 (10) 18 0 (0) 10 (56)a 8 (44)
) 6 (20) 24 3 (12)b 21 (88)b 0 (0)
0.05).
arged sperm head (ESH), and male pronucleus formation (MPN).
Fig. 7. The changes in CDK1 and MAP kinase activities after ICSI in enucleated and sham-operated pig oocytes. Sham-operated and enucleated oocytes were
cultured for 30 h and injected with a spermatozoon by micromanipulation. Some enucleated and sham-operated oocytes were manipulated in the same manner
without spermatozoa and cultured for up to 14 h as the control. The activities of CDK1 and MAP kinase were measured by phosphorylation of histone H1 (H1)
and myelin basic protein (MBP) as their in vitro substrates using [g-32P] ATP, respectively. One oocyte was used per lane. (b) The intensity of each
phosphorylated histone H1 (CDK1) and myelin basic protein (MAP kinase) was measured with a densitometer. The kinase activity after 30 h culture (0 h of
ICSI) in sham-operated oocytes was set to 1.0 and the activity at the other culture periods in enucleated (EN ) and sham-operated (sham ) oocytes was
expressed relative to that as mean T SEM from 3 independent experiments. The points with different superscripts (a–d) differ significantly ( P < 0.05).
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oocytes.
The morphological changes in sperm heads in
pMI-enucleated oocytes after ICSI
To determine whether the factor(s) involved in sperm
head decondensation remains associated with the chromatin
after GVBD, we removed only chromosomes from the
oocytes after 12 h of maturation culture (corresponding to
pMI soon after GVBD), and the remaining cytoplasts were
cultured further 18 h. The formation of male pronucleus in
pMI-enucleated oocytes was examined by ICSI (Table 5). In
sham-operated oocytes, 47% (17/36) of injected spermato-
zoa formed male pronuclei 24 h after ICSI. The formation of
male pronucleus was also observed in pMI-enucleated
oocytes (Table 4).Table 5
Changes in the sperm head morphology in pMI-enucleated oocytes 24 h after IC
Time (h)
after ICSI
Type of
oocytes
Total no.
of oocytes
examined
No. (%) of oocytes
Penetrated FPN** 1 cell
24 Sham-operated 36 36 (100) 27 (75) 2 (5)
24 pMI enucleated 42 42 (100) 0 (0) 0 (0)
* Morphology of sperm heads was classified into: intact sperm head (ISH), enl
** Oocytes which formed a female pronucleus.Discussion
Enucleated pig oocytes showed similar CDK1 and MAP
kinase activation patterns as sham-operated oocytes. More-
over, the activity patterns of CDK1 and MAP kinase of
enucleated oocytes after 18 h of maturation culture showed
the changes similar to those of MI-oocytes (sham-operated
oocytes in this study) after treatment with the protein
synthesis inhibitor. These results suggest that the GV
materials, including chromosomes, are not required for the
activation of CDK1 and MAP kinase during maturation of
pig oocytes, and that GV components are also not required
for inactivation of CDK1 during MI/MII transition. Not only
in mitosis (reviewed by Rieder and Salmon, 1998), but also
in meiosis (Brunet et al., 1999), kinetochore attachment to
microtubules appears to trigger the metaphase/anaphase
transition. In pig-enucleated oocytes, however, there was noSI
Total no. of
spermatozoa
examined
No. (%) of decondensing sperm heads
Degenerated ISH* ESH* MPN*
0 (0) 36 5 (14) 14 (39) 17 (47)
2 (5) 40 8 (20) 19 (47) 13 (33)
arged sperm head (ESH), and male pronucleus formation (MPN).
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of chromosomes and spindle. The ooplasm itself may have
the ability to oscillate the CDK1 activity. It has been thought
that in amphibian oocytes, eggs, and early embryos,
autonomous programs in the cytoplasm carry out CDK1
activation (Masui and Markert, 1971; Hara et al., 1980). The
molecular mechanism in the activation/inactivation of
CDK1 was not investigated in this study, but the enucleated
pig oocytes appeared to preserve such an autonomous
program in the cytoplasm.
In contrast to the enucleated pig oocytes cultured for 18
h, enucleated oocytes cultured for 30 h maintained a high
level of activity of CDK1 and MAP kinase for a relatively
long duration under the protein synthesis inhibition. This
maintenance was similar to that in sham-operated oocytes
cultured for 30 h. Cytostatic factor (CSF) activity is a
cytoplasmic activity that arrests the cell cycle at MII in
amphibian oocytes (Masui and Markert, 1971). Enucleated
pig oocytes could arrest the cytoplasmic cell cycle at MII in
the manner of intact MII oocytes (sham-operated in this
study). This implies that the arrest at MII in pig oocytes
does not require the GV materials.
After electro-stimulation, CDK1 of enucleated pig
oocytes was inactivated and then MAP kinase was
inactivated by a time course similar to that of sham-operated
oocytes. This result suggests that inactivation of both
kinases is also not dependent on the GV components. In
in vitro fertilization and ICSI of enucleated pig oocytes,
however, the heads of penetrating spermatozoa did not form
male pronuclei at all. Since sham-operated oocytes formed
male pronuclei 14 h after insemination or ICSI, the lack of
male pronucleus formation in the enucleated oocytes is
thought to depend on GV materials. On the other hand,
CDK1 and MAP kinase activities in enucleated oocytes fell
after ICSI without male pronucleus development. This
suggests that the penetrating spermatozoa are able to induce
the inactivation of both CDK1 and MAP kinase in spite of
their non-morphological change toward male pronuclei.
Spermatozoa are thought to contain a soluble Ca2+-releasing
sperm factor which generates an increase in the intra-
cytoplasmic Ca2+ concentration of oocytes (reviewed by
Swann, 1996). After ICSI, a sperm-derived factor of this
type triggered signal transduction cascades leading to the
inactivation of CDK1 and MAP kinase independent of the
GV materials.
In Xenopus oocytes, it is generally accepted that the roles
of nucleoplasmin2 (NPM2) in the GV include removing the
sperm protamines and facilitating nucleosome assembly in
the oocytes after fertilization (reviewed by Laskey et al.,
1993). The lack of pronucleus formation in enucleated pig
oocytes in the present study may have been due to the
absence of such a nuclear factor. Recently, mammalian
NPMs have been identified (MacArthur and Shackleford,
1997; Burns et al., 2003), although their role in male
pronucleus formation remains controversial. An alternative
cause of the absence of male pronucleus in enucleatedoocytes may be the absence of high levels of nuclear
membrane components of the GV, such as nucleoporins
(nuclear pore complexes) and lamins. These components of
the nuclear membrane disperse into the cytoplasm and/or
attach to the condensing chromosomes at GVBD, and
reassemble into nuclear membranes of both male and female
pronuclei after fertilization (reviewed by Sutovsky and
Schatten, 1998). The condensed chromosomes were
removed from the oocytes just after GVBD at pMI, and
then the oocytes were injected with spermatozoa, they could
form the male pronuclei. The result suggests that the nuclear
components were dispersed into cytoplasm at GVBD and
their attaching to chromosomes is few, if any. The data show
that the enucleated pig oocytes could not recruit the
materials from the cytoplasm to construct male pronuclei
after sperm penetration, since they did not contain the
nuclear membrane components derived from their GVs.
During pronucleus formation, the histones from maternal
origin are assembled upon sperm chromatin (Wassarman
and Mrozak, 1981; McLay and Clarke, 1997). A mamma-
lian oocyte-specific linker histone, H1oo is associated with
chromatin in both GV- and MII-oocytes. However, soon
after sperm penetration, H1oo is detected in the swollen
sperm head (Tanaka et al., 2001; Gao et al., 2004). The
results from pMI-enucleation experiment in the present
study suggested that histones associated with oocyte
chromatin are dispensable for the formation of male
pronucleus. The cytoplasmic pool of histones could be
sufficient to make the male pronucleus in pig oocytes.
In conclusion, during maturation and after electro-
stimulation or sperm penetration, pig oocytes are able to
activate and inactivate CDK1 and MAP kinase without GV
materials. However, GV materials are required for male
pronucleus formation after sperm penetration.Acknowledgments
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